The chromium-benzyne ion Cr+-C H4 was generated in the gas phase by electron-impacbinduced loss of 5 CO from (~6-1,2-dioxocyclobuta~nzene)tricarbonylchromium(O). The gas-phase reactions of the Cr+-C& ions with methanol, ammonia, several alkanes, alkadienes, and aromatic species were studied by Fourier transform ion cyclotron resonance spectrometry (FT-ICR) using an external ion source. The results show that the bimolecular reactivity of the Cr+-C6H4 cations is determined by the C6H4 ligand, exhibiting the high reactivity of benzyne. No reactions due to a primary reaction at Cr+ are discovered. In moet of the reactions, the main product observed for the bimolecular reaction is Cr+ released from the complex by the great exothermicity of the d o n at the C$i, ligand. However, in the a s e of lees exothermic reactions and if the excess energy is removed from the reaction complex by "evaporati@ a neutral leaving group, Cr+ complexes are observed whose ligands arise from addition reactions of the reactants to C$4. This is the case for cycloadditions of benzene-d8 and naphthalene-d8 to Cr+-C6H4, where the adducts shll containing Cr+ as well as ions formed by loas of acetylene-d2 from the adducts are observed. Thus, in the family of transition-metal-cation-benzyne complexes, the cation is extraordinary in exhibiting reactivity exclusively at the benzyne ligand.
Introduction
The study of the gas-phase reactions of bare transition-metal cations with organic substrates during the last few years has given a wealth.of information about organometallic chemistry.' A typical gas-phase reaction of a transition-metal ion with a hydrocarbon is the oxidative insertion into C-H and C-C bonds. Besides the investigation of the reactivity of bare metal ions, a study of the modification of the reactivity of the central metal ions of mrdinatively unsaturated metal complexes by the ligands is a major field of research in metal-organic chemistry.2 Usually the complexation of ligands alters the reactivity of the central transition-metal cation as well as that of the ligand. This is of particular interest if the free ligand is unstable and difficult to handle under the conditions typical of synthetic chemistry. Benzyne (18-didehydrobenzene) and other arynes are very reactive intermediates3 which have to be prepared in situ during a chemical syntheeis.' However, stable benzyne complexes with transition metals are known? showing that complexation may markedly attenuate the reactivity of benzyne.
Recently, the transition-metal-benzyne complexes Fe+-C&It and sC+-C&7 were prepared in the gas phase by dehydrohalogenation and dehydrogenation reactions, respectively, between C6HsX (X = C1, Br) and the transition-metal cation and were reacted with a variety of organic subetrates. The gas-phase chemistry of these complexes is explained by initial reactions at the metal center followed by intramolecular reactions of benzyne in the ligand sphere?J In an extension of this series of coordinatively unsaturated transition-metal-benzyne complexes, the reactions of the Cr+-benzyne complex are of special interest. Ground-state Cr+ does not react with hydrocarbons by the usual C-H/C-C insertion: and this inability for oxidative insertion is attributed to the large promotion energy Cr+(3d6) -Cr+(3d4s1) of 142 kJ mol-' nec888(1ly to put Cr+ into a reactive electron configuration. If this inertness of Cr+ is sustained in complexes of this transition metal, the Cr+-benzyne complex should exhibit Universitiit Bielefeld.
t Max-Planck-Institut f i h Kohlenforschung. benzyne reactivity only. However, because of the unreactive Cr+ ion, the gas-phase addition-elimination sequence between a transition-metal cation and a suitable benzene derivative7p8 cannot be used to prepare Cr+$& Here we present a new technique to generate Cr+-C& in the gas phase by electron-impactrinduced decomposition of a suitable (arene)tricarbonylchromium(O) complex, which can be used generally to prepare traneition-metalbenzyne complexes, and we report on the gas-phase reactions of Cr+-C& with a variety of substrates, including alkanes, alkenes, and arenes.
Experimental Section
All experiments were performed with a Bruker Spectrospin FT-ICR CMS 47 X equipped with an external ion source. The Cr+-C6H4 ions were generated in the ion source from (q6-1,2-dioxocyclobutabenzene)tricarbonylchromiu(O) by 70-eV electron-impact ionization. The ions were transferred into the ICR cell and thermalized by collisions with argon for about 500 ms? The ions of interest were isolated by a broad-band ejedion of m a t other ions and by selected single-frequency ejections pulses of low amplitude ("soft single shots") to remove ions of massea close to those studied. This procedure " k any kinetic excitation of the isolated ions and ensures that the reactions observed are due to ions of thermal energy. The neutral substrates were introduced into the ICR cell by a leak valve at a pressure of 4 x lo4 mbar (background pressure 1 x lo4 mbar). The reaction times were varied from milliseconds to several seconds. The (~6-12-Dioxocyclobutabenzene)tricarbonyl~~um(0) (1) and (~6-1,2-[1~]-dio.ocyclobutabenzene)tricarbonylchomium(O) (1-l*O) were synthesized as described elsewhere.1° The organic substrates for the reactions are available commercially and were used without further purification. Liquid compounds were subjected to multiple freeze-pumpthaw cycles to remove noncondensable gases before introduction into the ICR cell. 1,3-Pentadiene WBB prepared by the Grignard reaction of bromoethane with acrolein and dehydration of the resulting pent-l-en-3-01 using standard methods."
Results and Discussion
Generation of Cr+$6H4. Whereas Fe+ reacts with chloro-and bromobenzene to yield Fe+-C&418,12 no reaction of Cr+ with benzene or chloro-, bromo-, or iodobemne is observed. It is not known whether this is due to the endothermicity of the total reaction, because the reaction may be blocked at the first insertion step. Thus, any method to generate Cr+-C$14 in the gas phase has to start from another Cr+-arene complex. Figure 1 shows the 70-eV mass spectrum of (~6-l,2-dioxocyclobutabenzene)-tricarbonylchromium(0) (1).
The spectrum contains the peak of the molecular ions at m / z 268 and a series of peaks at m / z 240,212,184,156, and 128 due to the successive loss of CO molecules. Consecutive eliminations of CO ligands are a typical mass spectrometric fragmentation pattem of metal ~arbonyls.'~ The peculiar feature of the mass spectrum of 1, however, is the elimination of two additional CO molecules besides the three CO losses expected for the tricarbonylmetal fragment. In fact, in this series the relative intensity of the fragment ions reaches a maximum for the ions the different origin of the first three CO molecules and the last two CO molecules lost. This is corroborated by the mass spectrum of 1-l80, which exhibits initial loss of three CO groups before eventually two ClSO molecules are expelled. The same sequence of CO eliminations is observed in the MIKE spectra and CA spectra of the molecular ions of 1J80 and of the resulting fragment ions. Hence, an interchange between the CO ligands of the tricarbonylchromium moiety and of the two CO groups of the 1,2-dioxocyclobutabenzene ligand doeg not occur even for ions of long lifetimes, neither for the molecular ions of 1 nor for the fragment ions [ 1 -n CO]'+. The latter observation is of special interest because it makes even an insertion of the coordinatively unsaturated chromium into the C-C bonds of the 1,2-dioxocyclobutabenzene ligand unlikely.
Thus, the 1,2-dioxocyclobutabenzene ligand is still intact after the loss of three CO groups from lo+ and is transformed into a benzyne ligand by the subsequent eliminations of two CO molecules (Scheme I). The exact structure of the resulting Cr+-C6H4 ion is not known; the Cr+ may be bonded yface-on" by the six-*-electron system of the benzyne as in 1 or "side-on" to yield a metallabenzocyclopropene species as shown by the X-ray structure of stable benzyne complexe~.~ The CA spectrum of the Cr+-C6H4 ions exhibits only a small peak for loss of H besides a large peak of Cr+ ions and gives no additional structure information. The loss of the metal ion in the CA spectrum as the only fragmentation is also observed for Fe+-CJ&? while &+<&I4 forms additional fragment ions by cleavage of the benzyne ligand.' C Thermochemical Considerations. A necessary, but not sufficient, condition for an ion-molecule reaction of thermal ions to occur in the diluted gas phase of an ICR spectrometer is exothermicity. Unfortunately, the enthalpy of formation, AHf, of the Cr+-benzyne complex is not known. Hence, the reaction enthalpies of its reactions are difficult to estimate. Recently, the AHAo-benzyne) value of 442 f 10 kJ mol-' wm determined independently by two ~~O U P S ,~~ and the AHACr+) value of 1049 kJ mol-' is well-kno~n.'~ However, neither the bond dissociation energy D(Cr+-benzyne) nor the related D(Cr+-benzene) is known. Cr+-C6H4 is not formed by a reaction of Cr+ with benzene, suggesting D(Cr+-benzyne) < 260 kJ mol-' .
Furthermore, if the failure of Cr+ to yield Cr+-C6H! and HI by the reaction with C6H51 is due to endothermicity, the bond dieeociation energy D(Cr+-bemyne) is even below 210 kJ mol-' . Cr+-C& is hydrogenated by i-C4Hlo to yield Cr+-C& and free Cr+ and C& (see below), resulting in D(Cr+-benzyne) < 240 kJ mol-'. This shows that D- tions. Clearly, the activation for the release of Cr+ comes from a chemical reaction of the benzyne ligand with CH30H or NHS. Benzyne is known to add CH30H and NH3, forming anisole and aniline, respectively? by reactions which are exothermic by 308 and 309 kJ mol-'. similar exothermic reactions are expected for Cr+-C6H4, and certainly they release enough energy to dissociate the complex.
In the case of the reaction with CH30H, the chemically activated Cr+-anisole complex may also dissociate by elimination of CH20, a fragmentation observed for the analogous Fe+-anisole c~mplex.'~ However, a direct hydrogenation of Cr+-C,&4 by CH30H also appears possible (AHr = -266 kJ mol-').
h c t i o n of cr+<& with Alkanes. Fe+-C6H4 and sc+-C6H4 exhibit a rich gas-phase chemistry in their reaction with alkanes6J which is explained by initial insertion of the transition-metal cation into a C-H or a C-C bond. The ionic producta of the reaction of Cr+-C6H4 with some linear alkanes and cyclohexane are shown in Table I 
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Wittneben et al. Table I. alkane Obviously, the central Cr+ of Cr+-C6H4 does not cleave the alkane molecule by C-H or C-C insertion, in agreement with the lack of theae reactions of free Cr+ with alkanes. Thus, the two H atoms are very likely transferred directly from the alkane to the benzyne ligand in the reaction complex. Although the hydrogenation of free benzyne is well-known from pyrolytic prothe hydrogemtion by alkanes has not strictly been studied, and it appears that the Cr+ "catalyzed' this process in Cr+4&14, which is exothermic by 234-244 kJ mol-' for the alkanes studied. Such a catalysis of reactions by cations attached to a reactant has been predicted specifically for addition The excess energy of the reaction complex can be used to dissociate the resulting Cr+-C& if it is not carried away by the departing alkene molecule. Interestingly, a ligand exchange for the alkene formed is obaerved in some of the reaction complexes, suggesting the intermediate complex Cr+-(C&(alkene). in the case of 2-pentene and cyclohexene Cr+ and Cr+-C6H6 are the main products besides small amounts of alkenyl cations and Cr+-alkadiene complexes, in absolute correspondence to the reactions with alkanes. These results are most easily ratio& by again assuming inert Cr+ and reactions exclusively at the benzyne ligand, either by abstraction of two hydrogen atoms or by [2 + 21 cycloaddition and an ene reaction, respectively, of the complete alkene (Scheme IV). However, the large efficiency of the reactions may point again to an "electrostatic catalyWZ1 of the Cr+ attached to the benzyne.
Scheme IV
In the case of 2-pentene and cyclohexene as reactants, the hydrogen transfer producing Cr+-C&& and a conjugated diene is exothermic by more than 260 kJ mol-'. A hydrogen transfer yielding a diene is not possible in the case of isobutene. The only other dehydrogenation product formed from isobutene without rearrangement of the carbon skeleton would be methylenecyclopropene. This hydrogen transfer to Cr+-C& is again exothermic by about 140 kJ mol-' but very likely has to occur in two steps via single H atom transfers. The absence of this process supports a concerted [2, + 2, + 2,] cycloaddition mechanism for the transfer of the two H atoms to Cr+-C& observed for the other alkenes. As in the case of alkane reactants, the alkadiene formed by this process may stay with the Cr+ to a certain extent and the benzene molecule is lost instead from the reaction complex. The other reactions expected between benzyne and alkenes are the formation of a benzocyclobutene derivative by a [2 + 21 cycloaddition and the ene reaction generating an alkenylbenzene. Both procases are strongly exothermic by more than 300 kJ mol-'. In the reaction between Cr+-C6H4 and the alkene, the excess energy cannot be released from the reaction complex by ejecting a neutral fragment generated during the process. Thus, the reaction product is strongly chemically activated and dissociates into Cr+ and the benzocyclobutene and alkenylbenzene, respectively. Since addition of the alkene is the only procese poesible for isobutene, Cr+ is the only ionic product furan derivatives are used for these reactions, but 1,2-and in particular 1,4cycloaddition of benzyne to benzene and other arenes are known alao, sometimes followed by elimination of acetylene to restore the aromatic system. The 1,4-cycloaddition of benzyne and benzene, yielding benzobarrelene, is exothermic by 132 kJ mol-', and the total reaction, including the subsequent fragmentation to naphthalene and acetylene, is exothermic by 147 kJ mol-. This is distinctly less than the values calculated for the cycloadditions of alkenes and alkadienes. Furthermore, some of the excess energy may be removed from the reaction complex by the departing acetylene molecule. Thus, we hoped to detect the addition product of these reactions directly as an ionic species. These expectations are borne out by the experiment.
If furan reacts with Cr+-C6H4 in the gas phase, again only Cr+ is observed as the ionic product. Furan is a good diene for Diels-Alder reactions, and obviously ita cycloaddition to the benzyne ligand is still rather exothermic. However, benzene reacts with a distinctly reduced efficiency with Cr+-C6H4, and the reactions can be followed is no doubt that the reaction occurs localized at the benzyne ligand, as depicted in Scheme VI. Apparently, Cr+ is only a "spectator" of this process but catalyzes the reaction, probably by electrostatic interaction with the reactants. 21 Other of Cr+. However, l,&pentadiene rarely loses CH, and no C2H, on ita reaction with Cr+-Ca4 but yields Cr+ in great abundance. Cr+ is almost exclusively the only ionic product of the reaction with cyclopentadiene. 1,3Benta-diene and cyclopentadiene can undergo an ene reaction with Cr+-C6H4, in contrast to the case for 1,3-butadiene, but it is not known whether this is the origin of the different reaction routes. While the release of Cr+ from the reaction complex of Cr+-C6H4 and a 1,3-diene is again undoubtedly a consequence of the large exothermicity of the cycloaddition of >400 kJ mol-', the mechanism of the formation of [MC&]+ (M = Sc, Cr) is not clear. Huang et ale7 have suggested in the case of the Sc+ complex a reaction sequence starting with the insertion of Sc+ into a C-H bond of 1,Sbutadiene and involving eventually ale0 a C-C insertion step. The inability of Cr+ for C-H and C-C insertion cast some doubt on this mechanism, but it may be that Cr+ exhibits unusual reactivity under the conditions of a strong chemical activation.
Among the l,&dienes studied, cyclohexa-l,&diene is a special case because of the possibility of a concerted transfer of two H atoms as well as cycloaddition to Cr+-C6H4 (Scheme V). Indeed, the other abundant ionic reaction product besides Cr+ is Cr+-C61&. Again, neither Cr+-naphthalene, which was expected to arise from cycloaddition and subsequent elimination of C2H4, nor [CrC9H,]+ is observed as the product.
Reaction of Cr+-C6H4 with Arenes. The reaction pathways of Cr+-C& with alkanes, alkenes, and alkadienes can be followed only indirectly because Cr+ is always the main product, released from the reaction complex owing to the certainly large exothermicity of the hydrogenation and cycloadditions at the benzyne ligand. However, less exothermic cycloadditions of benzyne to arenes and heteroarenes are also p o~i b l e .~ "ypically, furan and activation. However, free Cr+ reacts easily with some heteroaromatic compounds.22 Finally, naphthalene-d, r e a d with Cr+-C&14 in the ICR spectrometer in a fashion analogous to that for benzene. The cycloaddition product
[CrCI8H4D6]+ (m/z 264) and its fragmentation product [CrCI4H4D8]+ (m/z 236), due to elimination of C2D2, are observed with about the same intensity, besides Cr+. However, instrument problems frustrated a more detailed study of this process. Nevertheless, it is clear that cycloaddition of Cr+-CJ-14 to arenes is a general reaction of this species.
Conclusion
The Cr+-benzyne complex Cr+-C8H4 was prepared in the gas pham by electron-impact-induced decomposition of the stable complex (~s-1,2-dioxocyclobutabenzene)tricarbonylchromium(0). This is a new and general method to generate ionic transition-metal complexea of less reactive transition-metal cations with unstable ligands, and its application to other transition-metal-benzyne complexes is currently under study.
Cr+-Ca4 exhibits a unique chemistry with the neutral reaction partners used in this study which can be perceived by the combination of an unreactive central transitionmetal cation, a highly reactive ligand, and a weak bond between the central Cr+ and the benzyne ligand. As a consequence and in comparison with the related complexes Fe+-C6H4 and sc+-C8H4, the reactions of Cr+-C8H4 with alkanes, alkenes, and 1,3-alkadienes are more straightforward, with no indication of a fragmentation of the carbon skeleton of the hydrocarbon reactant. Certainly,
